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INTRODUCTORY REMARKS 
--- 
The work to  be  de sc r i bed  in  this  r e p 3 r t  was  p e r f o r m e d  
mainly by one of us  (Dawson) as p a r t  of the r equ i r emen t s  f o r  
a n  Aeronaut ica l  Eng inee r ' s  deg ree  at the Cal i fornia  Inst i tute 
of Technology (June,  1959). I t  is thought, however ,  that  the 
informat ion gained in  th is  r e s e a r c h  would be of i n t e r e s t  t o  
o ther  people engaged in  hydrofoil  r e s e a r c h  even  a t  th is  l a t e  
da te .  
ABSTRACT 
An exper imental  p r o g r a m  was conducted to investigate the c h a r -  
ac t e r i s t i c s  of a fully cavitating two-dimensional f la t  plate hydrofoil  in  
the p re sence  of a f r e e  sur face .  The submergence of the hydrofoil 
was var ied  f r o m  the planing condition a t  the f r e e  sur face  to a depth 
corresponding to  2 . 1 6  model  chords .  Near  the sur face  the cavi t ies  
fo rmed  by venting to  the a tmosphere ,  but a t  the deeper  submergences,  
they had to be ar t i f ic ia l ly  fo rmed  by supplying them with a i r .  
The no rma l  fo rce ,  the moment  about the leading edge, the ten- 
t e r  of p r e s s u r e  location,  the cavity length, and the volumetr ic  a i r  
flow r a t e  into the cavity a r e  p resen ted  a s  functions of angle of a t -  
tack,  cavitat ion number ,  Froxde  number ,  and proximity  to the f r e e  
sur face .  
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N O M E N C L A T U R E  
------ 
Definition 
----- 
Span 
Chord length 
Units 
---- 
F e e t  
F e e t  
Normal  fo rce  coefficient Dimensionless  
Moment coefficient about 
leading edge (posit ive 
nose  up) 
Dimensionless  
P r e s s u r e  coefficient Dimensionless  
- a Ce;! - Ubc  s i n  a A i r  volume f low r a t e  
coefficient 
Dimensionless  
F roude  number  Dimensionless  
Pounds 
Dimensionle s s 
Normal  force  
Cavitation number  
Cavity length f rom 
leading edge 
F e e t  
Moment about leading 
edge (posit ive nose up) 
Foot  p3unds 
P r e s s u r e  on wetted 
su r f ace  of hydrofoil 
~ o u n d s / s q u a r e  foot 
~ o u n d s / s q u s r e  foot 
.Pounds/square foot 
Cavity p r e s s u r e  
Ups t ream p r e s s u r e  at 
depth of leading edge 
A i r  volume flow sa t e  Gubic feet/secorld 
F e e t  Fo i l  submergence 
( s e e  page 7 )  
F r e e  s t r e a m  velocity ~ e e t / s e c o n d  
Degrees  
~ l u g s / c u b i c  foot 
Angle of a t tack 
Water  density 
Purpose  of Study 
w--------- 
The in t e r e s t  in  the effects of cavitation in var ious  fields of 
hydrodynamics i s  evidenced by the long l i s t  of theoret ical  and exper -  
imental  r e s e a r c h  p r o g r a m s  which have been conducted fo r  many 
y e a r s .  Most of this r e s e a r c h  has  been d i rec ted  toward reducing o r  
eliminating the undesirable a spec t s  assoc ia ted  with this flow condi- 
tion, of which -mechanical damage to prope l le r s  o r  pump and turbine 
impe l l e r s  i s  a noteworthy example.  In addition to th is  i t  i s  known 
that the occur rence  of extensive cavitation in turbomachines  usually 
causes  deter iorat ion in  per formance .  
Supercavitat ing sect ions  have been proposed a s  a possible means  
f o r  seducing o r  eliminating damage to  hydrofoils which m u s t  operate  
in  a cavitating flow r eg ime  (supercavi ta t ion i s  sa id  to  occur  when 
the cavity length exceeds the chord  length of the hydrofoil).  In this 
ca se ,  a steady cavity completely envelops the foil sect ion thereby 
reducing the damage and noise caused  by the repeated format ion and 
collapse of an unsteady cavity.  A g r e a t  deal  of work,  however,  m u s t  
yet  be done to  understand fully this flow condition and to improve 
the efficiency of these supercavitat ing sect ions .  The p r o m i s e  of be- 
ing able to extend the operating speed of hydrofoils without many of 
the prob lems  usually assoc ia ted  with cavitation h a s  thus awakened 
in t e r e s t  in  this type of hydrofoil f o r  application to p rope l l e r s ,  ship 
stabil ization,  underwater  ordnance,  hydrofoil c r a f t ,  and var ious  
other a spec t s  of naval a r ch i t ec tu re .  
Important  contributions have a l ready  been made  in determining 
the pe rforrnance of two- dimensional ,  cavitating hydrofoils  ar:6 verify- 
ing two-dimensional theor ies  in  a n  infinite fluid. In th is  category 
can be cited the c losed tunnel exper iments  of Pa rk in  u)"' and those 
by S i lberman (2)  in  a f r e e  je t  tunnel. 
Two-dimensional theor ies  were  developed by Wu ( 3 )  and (5), 
a n d  T d i n  ( $ 3 .  These  t heo r i e s  do not account fo r  the p re sence  of 
-9" IF 
Numbers in  paren&h8zsis  r e f e r  to r e f e r ences  a t  the end of this text. 
s t r e a m  boundaries no r  do they take into account the effects of g rav i -  
ty.  Pa rk in  (8) worked out (approximately) the effect of gravi ty  i n  an  
infinite fluid. 
The complete theoret ical  t rea tment  of a cavitating hydrofoil in  
the p re sence  of gravi ty  having a r b i t r a r y  submergence in a s t r e a m  
with a f r e e  sur face  does not s e e m  to exis t .  Special  c a s e s ,  however,  
hzve been t r ea t ed .  Green  (10) and (11) solves  the problem in  a 
s t r e a m  of infinite and finite depth, but he does not consider  gravi ty ,  
and he only t r e a t s  the ca se  of K = 0. Gumberbatch (12) cons iders  
gravi ty ,  but he r e s t r i c t s  the problem to the c a s e  where  the hydro- 
foil i s  a t  the f r e e  sur face ,  i e . ,  planing only, and his solution i s  fo r  
a s t r e a m  of infinite depth. 
Due to different assumptions  made in  the formulation of the 
var ious  theor ies  and the dif ferences  between the theoret ical  models  
used ,  i t  i s  difficult to  compare  the theoret ical  r e su l t s  that have been 
obtained. Likewise ,  compar i sons  between theory and exper iment  a r e  
not always justified. Final ly ,  not much i s  known about compar i sons  
between exper iments  pe r fo rmed  in  different faci l i t ies  due to tunnel 
boundary effects .  In pa r t i cu l a r ,  a comparison between the p re sen t  
exper iment  and the two previously  mentioned i s  ha rd  to justify due 
to the ex t r eme  d isps r i ty  of tunnel bo l~ndary  conditions. References  
(6) ,  (7Bp and (17) consider  the effects of tunnel boundaries on cavi-  
tating bodies,  and Appendix I gives the approximate effect of the 
tunnel bottom on the l if t  of a hydrofoil planing on the f r e e  sur face .  
There  were  no tunnel boundary cor rec t ions  applied to the exper i -  
men t s  previously  mentioned. However, S i lberman finds that  the 
differences  between the r e su l t s  of f r e e  jet exper iments ,  c losed tunnel 
experiments, and infinite fluid theory a r e  negligibly s m a l l  "for ail 
but the sma i l e s t  cavitat ion numbers ,  I s  and he gives  K = 0, l Z  a s  the 
l imi t ,  above which wall  effects apparently a r e  unimportant.  The ex-  
pe r imen t s  of Pa rk in  and S i lberman were  c a r r i e d  out with the model  
re la t ively  f a r  f r o m  the boundar ies ,  and the i r  effects should be ex- 
pected to become m o r e  important  fo r  the c a s e  when the model i s  
allowed to come c lose  to one of thelm a s  in the p re sen t  exper iment .  
The exper iment  of S i lberman was c a r r i e d  out i n  a ver t ica l  tunnel and 
Parkin'  s r e su l t s  we re  obtained in  a ho r i zo~ i t a l  tunnel, Between the 
two c~perj.n.-~ents, the effect  of gravi ty  was rota ted through 90". 
Since the exper imental  r e su l t s  ag reed  s o  well with each other  and 
writ5 the z e r o  gravi ty  theory a t  the higher  cavitation n u ~ n b e r s ,  this  
migh t  mean  that  the effects  of gravi ty  a r e  v e r y  sma l l  f o r  l a rge  ca.vi- 
"Lati.on numbers  (K > O ,  l Z )  when the model i s  re la t ively  f a r  f r o m  any 
boundaries . 
F e w  hydrofoils can  be r ega rded  a s  operating i n  an infinite fluid. 
In fac t ,  m o s t  a r e  opera ted  n e a r  a f r e e  sur face ,  a s  for example,  the 
ca se  of a hyd.ro.foil-supported boat.  In view of the added exper imen-  
tal. diff icult ies and the i nc rea sed  number  of independent p a r a m e t e r s  
introdu.ced by the p re sence  of the f r e e  sur face ,  i t  i s  not surpr i s ing  
t1na.t few expe r imen te r s  have explored i t s  influe~zce.  In  fact ,  f o r  
cavitating flows of the s o r t  de sc r ibed  here in ,  only the work of 
Jolanssn ( 9 )  on curved  hydrofoils  of low aspec t  r a t i o  appea r s  in  the 
readily avn.i.Rable l i t e r a tu re .  43eca.use of the high speed and low 
aspec t  ra t ios  of these  t e s t s ,  i t  was not possible to  de te rmine  sepa-  
ra te ly  the effects of the f r e e  sur face  and cavitation number ;  nor  was 
i t  possl.ble to make d i r ec t  compar i son  with the two-dimensional 
theor ies  developed. in  ( 3 ) ,  (4), and (5) o r  the other  exper iments  p r e -  
visusP y me i~ t ioned ,  
From the foregoing r e m a r k s  i t  is  obvious that much  work, ex- 
perimental. as well  a s  theore t ica l ,  r e m a i n s  to  be done before  a.11 
sitinations of i n t e r e s t  to u s e r s  of hydrofoils a r e  thoroughly explained. 
It i s  a l so  evident that  no one theory o r  combinations of theor ies  now 
ava.i?a.ble will adequately cover  the range of var iab les  that  colaid be 
expectzr?. to occu r .  The p r e s e n t  p r o g r a m  i s  an exper imental  one 
wlaich i.s intended to give some  preliminary information orb the effect 
of the proximity  of a f r e e  sur face  on the cavitating flow pas t  a f lat  
plate Pis- ,d imensional  hydrofoil.  
E q ~ ' p  ~r ment  
----- 
The Free-Surface Water Tunnel of the Hydrodynamics Labora- 
tory a t  the California Institute of Techn~logy  was the facility used f o r  
this work. Mnapp, e t  al (53) gives a complete description of this 
tunnel, and Figure  l a  shows the working section, This tunnel i s  a 
ver t ical-return,  closed loop capable of a velocity of up to 27 fps ,  
Since the low velocity of the working section does not permi t  vapor 
cavitation, a i r  was forced  into the wake of the hydrofoil to form and 
sustain a cavity. Such forced cavitation s imulates  in  al l  important 
respec ts  vapor cavitation on bodies which have fixed separation points 
and permi ts  cavitation r e sea rch  in low speed facil i t ies that do not 
have pressurizat ion control. OsNeill and Swanson (14) have experi-  
mented with ar t i f ic ial  cavities behind d i scs ,  
The installation of a full span hydrofoil in the working section 
of the tunnel was not considered feasible due to mounting and instru-  
mentation difficulties, Therefore,  a nar rower  two-dimensional tes t  
section (Fig .  l b )  was constructed and installed in the center  of the 
tunnel working section a t  the upstream end, The two paral le l  walls 
of the tes t  section were  constructed of plexiglass for  flow visual- 
ization, and their  upstream ends terminated in wedge shap2d alumi- 
num spl i t ter  plates .  The model was mounted directly to an alumi- 
num disk wliich in turn  fitted into a rectangular alluminu-zn plate.  This 
a$~.~-llln.-~rn plate formed an integral  pa r t  of one of the walls of the 
tes t  section and could be moved vertically with respec t  to the wall, 
thereby varying the submergence of the model.  The disc could be 
rotated with respec t  to  the plate and in this way the angle of attack 
of the model c a d d  be changed. 
The apertures for  supplying air to the cavity and for  meas.n;*ing 
the cavity p r e s s u r e  were  located on the c i rcu lar  disk downstream 
from the model l-nounting location. To insure against  water in the 
line that measured  the cavity p res su re ,  a three-way valve was in- 
stalled with one side connected to the laboratory a i r  main,  This en- 
abled the l ines  to be c leared  with high p r e s s u r e  a i r  p r io r  to each 
reading ( see  F ig ,  4 for  a schematic drawing). 
Desc -c i~ t io r~  ----- of Model 
'The model was in the form. of a wedge constructed f r o m  416 
s ta inless  s tee l .  The wedge angle was 6 degrees ,  the chord 4. 50 
iriclaes, and the span 3 .  2 5  inches  (F igs .  2b and 3 ) .  In operation,  
the cavity would spring f r o m  the s h a r p  leading edge, leaving the top 
surface unwetted and the bottom surface fully- wetted. 
A ~ i e w  method of providing p r e s s u r e  taps  was used fo r  this 
n ~ o d e l .  Grooves were  mil led i n  the bottom surface and l/16-inch 
diam.eter b r a s s  tubes were  la id  in these g r o ~ v e s ,  T ranspa ren t  
epoxy r e s i n  w-as molded into the grooves,  completely covering the 
b r a s s  tubes,  and then ground smooth in the plane of the bottom s u r -  
f ace  of the model.  P i ezomete r  o r i f ices  of 0 .  020 inch d iameter  were  
dr i l led p e r p e ~ d i c u l a r  to the wetted surface of the h.ydrofoil through 
t h e  epoxy into each tube along the centerl ine of the model .  The 
t ransparen t  epoxy covering the b r a s s  tubes enabled them to be seen 
easi ly  and hence facil i tated the drilling operation.  
mental  P rocedure  
-*-- 
The p r e s s u r e  f r o m  the ten or i f ices  on the model,  the tunnel 
total head, and the cavity p r e s s u r e  were  measu red  by water  mano- 
m e t e r s .  The air volume flow ra t e  was measu red  Isjr m.eans of a 
F i s h e r  P o r t e r  F lowmeter .  F igu res  l a  and 4 show a photograph and 
a schematic  drawing of the experimental  setup,  The ca:<ity Lengths 
w e r e  m.eas:lred by means  of a yardst ick fixed to the t~annel wall. By 
sighting perpendicular  to the flow a t  the point of c losure  of the cav ,- 
ity, i t  was possible  to measure the cavity lengths on the yaidi.;tick. 
A more accura te  method for  measur ing  cavity lengths was no;: 
deemed, neces sa ry  due to difficulty in determining the end of t i : e  
cavityy. In a l l  of the runs ,  the cavity c losure  was a r e - e n t r a n t j e t .  
Under the influence of gravi ty ,  the je t  fe l l  and s t ruck  the loi;iier sur-. 
face of the cavity,  The result ing turbulent mixing of water  corn- 
bined with the frothy na ture  of the flow a t  this point due to escaping 
cavity air, m.ade i t  difficult to determine the cavity c losure  point. 
The p r e s s u r e  measu remen t s  a r e  considered accura te  to within 0 ,Ol  
feet of wate r .  The a i r  flow r a t e  is cons;-dered accura te  to within 
5 p2rcent .  Cavity lengths a r e  considered accu ra t e  to  within 0, 5 inches .  
Z e r o  angle of a t tack was de te rmined  with the a id  of two addi- 
tion,; p iezometer  o r i f i ces  which had been dr i l led in  the model .  One 
was located on the upper sur face  and the other   or^ the lower sur face  
a t  equal dis tances  f r o m  the leading edge. By pitching the model to 
reduce the p r e s s u r e  difference between these  two or i f ices  to z e r o ,  
i t  was possible to align the chordplane of the wedge para l le l  to the 
Ilow, This  angle was repeatable  t o  within 0, 25  degrees .  The angle 
of a t tack of the f la t  plate i s  defined with r e spec t  to the wetted o r  
lower  su r f ace  of the model .  Since the included wedge angle of the 
model  i s  6 deg rees ,  z e r o  angle of a t tack f o r  the f la t  plate differed 
by 3 degrees  f r o m  .zero angle of a t tack fo r  the wedge. 
The Free-Sur face  Water  Tunnel, a s  originally designed and 
constructed,  had a f r e e  sur face  boundary l a y e r  r emove r ,  o r  sk im-  
m e r .  This  s e r v e d  to  remove  the boundary l a y e r  on the f r e e  S U P -  
face  which had built up through the tunnel s o  t h a t t h e  velocity prof i le  
i n  the working sect ion would be uniform up to and including the f r e e  
sur face .  However,  a f l a t t e r  wate r  sur face  was obtzinecl in  the two- 
dimensional t e s t  sect ion when the s k i m m e r  was made  inoperative by 
plugging the wa te r  scoop with a s t reaml ined  fa i r ing.  The major i ty  
of runs  were  conducted with the s k i m m e r  plugged. 
F igu re  5 shows the r e su l t s  of a velocity survey n e a r  the f r e e  
s u r f a c e  on the center l ine  of the t e s t  section with the s k i m m e r  
plugged. The velocity a t  the f r e e  sur face  i s  about 7 5  percen t  oC the 
f r e e  s t r e a m  value,  and a t  a depth sf one inch the velocity h a s  r e -  
turned to 98 pe rcen t  of the f r e e  s t r e a m  value.  To  de te rmine  what 
effects this velocity defect  had on the exper imental  data that  was 
taken n e a r  the f r e e  sur face ,  additional runs  were  made  n e a r  the 
s a r i a c e  with the s k i m m e r  unplugged. This effect  was s m a l l  and the 
r e su l t s  a r e  shown in  F igu re s  2 4  and 35. 
A cal ibrat ion of the two-dimer~sional t e s t  sect ion was made  with 
the nmode?. removed ,  The velocity a t  the cen t e r  of the t e s t  sect ion 
was related to the tunnel total head. Boundary layer  surveys were 
made with an impact  probe a t  the position of the leading edge of the 
hydrofoil. The resu l t s  of these boundary layer  surveys a r e  shown 
in  Figure 6 .  The boundary l aye r s  were slightly l a r g e r  than pre-  
dicted by turbulent boundary layer  theory on a plane wall. The dis- 
placement thickness was found to be 0 . 0 4 5  inches a s  compared to 
0 , 0 3 2  inches f rom the theory. Mendelsohn and Polhamus (15) show 
that a boundary layer  thickness equal to four percent  of the span 
does not affect the forces  acting a t  the centerline of a two-dimen- 
sional fully wetted airfoil  by m o r e  than one percent.  F o r  the pur- 
pose of this study, the boundary layer  effect on the p r e s s u r e  distrib- 
ution a t  midspan i s  assumed to bz small .  
The independent pa ramete r s  were angle of attack, model depth, 
velocity, and a i r  flow ra te  to the cavity. The quantities measured 
were model p r e s s u r e  distribution, cavity p r e s s u r e ,  and cavity length. 
Tlae force and moment acting on the model and the location of the 
center  of p r e s s u r e  were  obtained f rom a numerical integration of 
the p r e s s u r e  distribution. The submergence, s is defined. f rom the 
undi.sturbed f r e e  surface to the pivot point on the model, 0 ,  833c 
from the leading edge and 0 . 0 4 4 ~  a b ~ v e  the battom o r  wetted su r  - 
face. s i s  positive below the f r e e  surface and negative if above. 
Discussion of Results 
-- --- 
The resu l t s  a r e  presented in F igures  28 through 43, The 
quantities obtained were:  the normal  force coefficient, Cf, the 
mornenhasoefficient about the leading edge, Gmle, the cente.rs of 
p r e s s u r e  location aft of the leading edge, the cavity Length. ratio, 
1 /cp and the a i r  volume flow ra te  coefficient, GR- The resul ts  a r e  
presented with respec t  to the angle of attack, a, the cavitation 
number,  K, the submergence ratio,  s/c,  and the Froude nu~nbes ,  F. 
1 .  Normal Force  and Moment Coefficients 
The normal  force and moment coefficients a r e  presented in 
F igures  l 8  through 35, and compared to Wuk  infinite fluid, no- 
gravity theory. The agreement  between the present  experiment and 
the theory i s  good a t  the deeper submergences and the sma l l e r  an- 
gles of attack. As the hydrofoil approaches the f r e e  surface,  the 
expe-ii-nental normal  force coefficients become l a r g e r  than those p re -  
dicted by WuBs theory. F igure  25 shows this effect a t  an attack 
angle of 8 degrees .  The resu l t s  of the experiments of Silberman 
and Park in  a t  8 degrees  a r e  a l so  shown on this figure.  Agreement 
i s  good between the three experiments for  cavitation numbers  l a r g e r  
than K = 8,1% and a t  the deepest submergence for  the present  ex- 
per iment .  At cavitation numbers  sma l l e r  than M = 0.  12  the present  
experiment follows m o r e  closely the theory of Wu (again, a t  the 
deepest submergence) than the resu l t s  of Si lberman ( B r k i n  had no 
data a t  these lower cavitation numbers) .  
F igure  26 shows the behavior of Gf a s  a function of submer-  
gence for  a cavitation number of ze ro .  The values of Cf for  this 
figure were  obtained by ext rapdat ing  Cf to M = 8 a t  each submer-  
gence and each angle of attack by drawing a line through the data 
points paral le l  "c WuPs theory. I t  i s  thought that this extrapolation 
is justified a t  the deeper submergences on the basis  of the good 
agreement  between the theory and the experimental points. Near the 
surface,  the data points a r e  very  near  K = 0 and the value of Cg 
corresponding to z e r o  cavitation number i s  not too sensitive to the 
,method used for extrapolation. The negative cavitation numbers  that 
occur near  the surface a r e  a consequence of the definition of po, 
Po i s  defined a s  the p r e s s u r e  a t  a depth below- the f r ee  surface co r -  
responding to the submergence of the leading edge of the hydrofoi?%, 
and when the foil i s  above the surface,  this quantity i s  a negaeive 
number.  Actually, a l l  cavitation numbers  that a r e  l e s s  than z e r o  
should probably be s e t  equal to zero ,  since a t  the submergences 
near  the surface the cavity was open to atmospheric  a i r .  
At the deeper s ~ b m ~ e r g e n c e s ,  the agreement  between the ex- 
per iment  a t  a. = $ degrees a n d  the resu l t  of the c lass ica l  R.ay1,eigh 
theory (which is the limit of Greens  s plani-ng theory when the sub- 
m.ergence- - to-ch~rd  rat io  i s  made .ka,rge) i s  good. A the submer-  
gence i s  decreased the force coe f f i c i en t i s  increased  a s  th.e ze ro  
._r< ,A. 
gravity theory- of Green predicts, Cumberbatch worked out the gra-  
vity case  for  pl.aning, and.  the values fr0.m his theory a t  F = 3 and 
4,  5 (the Froude number range i.n this experilment) for  a = 6 degrees 
a r e  shown on the figure.  Though. the force coefficients increase  for 
submergences cl.sse to the f r e e  surface,  the value a t  the f r ee  s u r -  
face (the planing case)  is lower than the value predicted by the 
8:heory of @umberbatch even at the lowest va1v.e of the Froude mum- 
be r ,  This discrepancy might be accounted for  by the re la t ive ly large  
angles of attack and the effects of the bottom. The Froude number 
o r  gr3.-vity effect is present  in  the experimental resu l t s ,  and i t  
s eems  to have a g rea te r  effect on the force coefficiel~ts than the 
theory of Cl~1i3berbatch predicts .  F igure  87 shows the variation of 
Ci a s  a function of Froude number a t  two submergences,  one deep, 
and the other planing. There  does not s e e m  to be an.y recognizable 
dependence of the force coefficient on the Froude nulxiber a t  either 
of the srr.bmcrge.cce s . A.ay dependence, however, 1m.igh.t not be ap- 
parent beca.u.se of the relatively sma,81. range of Froude numbers pre-  
sented, 
2, Center  oT P r e s s u r e  
.- 
Figure  36 shows the efk'ecf; oS: angle sf attack on the cent . .~ of 
prasstxre. A.t all szlb~:r~ergences the center of p r e s s u r e  moves aft on 
the hydrofoil. a s  the ang le  of attack i s  increased.  The ck-?vitatlsn 
number  was not taken out of the e:cperi.mental data,  There  was no 
apparent dependence between center  of p res su re  location and cavi- 
tatifon x-~drnber ,  
-- - - -- -- - 
: 
Reference ( 8 8 3 )  shows the theory of Gxeen plotted a s  a f u n c t i ~ n  of 
dlzprh, 
Figure 37 shows the effect of the f r ee  surface on the center of 
p res su re  location. This location remains  essentially constant for  
each angle of attack up to the f r ee  surface.  Upon passing through 
the sur face ,  however, the center  of p res su re  moves aft fo r  a l l  an- 
gles  of attack. 
The original data of cavity length to chord length rat io ,  d / c ,  
a r e  plotted in F igures  38 through 40 a t  the submergence rat ios  of 
2 .  P6, 0 and 0 . 8 3 .  The cavity lengths decrease  with decreasing 
submergence, with decreasing angle of attack, and with increasing 
cavitation number.  
Few experimental data a r e  available for  comparison of length 
ra t ios .  However, we can cite Silberman ( 2 )  again. The comparison 
of length data with that of Silberman a t  8 degrees can be seen on 
Figure 41. No fairing of curves  through the experimental data of 
Reference 2 was attempted. At  a given cavitation number,  say K = 
0 .  10, the length rat io  in the present  experiment i s  Less than that of 
Si lberman by a factor  of a b ~ u t  wo for  the submergence ratio,  1 .  6 0 .  
This difference could be due to the gravity effect, since the Minne- 
sota  experiment was performed in a ver t ical ,  f r ee  jet tunnel i n  which 
gravity was para l le l  to the flow. Figure 41 shows experimental r e -  
s u l t s  s t  a = 8 degrees  a s  well a s  the theory of Park in  both for  F = 
2 , 8 3  and 3 - 6 8 .  As can be seen f rom this figure the Froude number 
dependence i s  practically negligible in this range and the experimen- 
tal length rat ios  for  a given cavitation inumber and Froude number 
a r e  sma l l e r  than Parkin" theoretical lengths by a factor of abozt 
two, A comparison of experimental cavity lengths to the exact. and 
kinear theories  of Wu ( 3 )  and (5) i s  shown in Figure 37 also.  
The experimental data do not agree  with the only other experi-  
ment  available, nor  do they ag ree  with the l inearized theory of W u  
(5) o r  the infinite fluid, gravity theory of Park in  (8). The agree-  
ment  i s  good with the exact infinite fluid theory of W u  ( 3 ) .  The ef- 
4ects oi  gravity on cavlty lengths in the velocity range c1 this ex- 
periment were not able to be resoived. 
The dibcreparlcy between the present  experiment and the other 
resu l t s  shown in F igure  41 can possibly be explained by the influ- 
ence ci the tunnel buundcxries and the f r e e  surface,  However, tunnel 
b o u ~ d a r y  correct ions have n o t b e e n  applied to these resu l t s .  
4. Ai r  VoSe~me Flow Rate 
----- 
The air volume flow ra te  coefficient GaQa a r e  plotted in Figures 
42 and 43 a t  s/c = 2 .  16 and Q , & 3 .  Tlie difficulty of measurement  
of the a i r  flow ra te  resu l t s  in sca t te red  and not too reproducible 
data,  However, these resu l t s  de sllow the o rde r  of znagnitude of the 
a i r  flow a t  two submergences.  F o r  purposes of comparison, one 
three-dimensional experiment  and theory of Cox and Clayden (16) and 
another three-disrrensional experiment of Swanson and BENeilP j 14) a r e  
availabEe. The resu l t s  of these two experiments a r e  shown on Fi- 
gures  42 a ~ d  43. The FroucEe number dependence fonnd by the other 
rnvestigatsss does not s e e m  to be present  in thrs experiment since 
the Froude nuwabers for  the e:<perimental paints G ~ C > W T *  ranged from 
F = 3 , 5  to F = 4.5 .  
As the aubmergeance is decreased  at constant a a a ~ l e  of attack 
and cavitation number, the a i r  Row i s  a l so  decreased ,  2he  curves 
oi $ 1 4 0 ~  and Clayden (16) and S~varsson and OBNeill (14) show a radical 
decrease  ~ I I  air flow l o r  a sjnal$ inc rease  in M ,  The resu l t s  of the 
present  erdperirnenzk do ?)s t  skiotv this behavior. The a i r  f low meas -  
lrrrnexsts in  the other experinrents were obtajned. when the <:at ly end 
~:ons-lsted of thin vort ices ,  and the noted sha rp  reduction L ?  ski- flow 
occused when these vort ices  disappeared and a re -ent rant  jet r .a~rned. 
The cavities in the present  experiment were entirely the re-entsarst 
jet ",ye ( see  F igures  7 through BI), 
5, Pre 3sure Distribution 
------- ---- --- -A 
R c p r e s e ~ ~ t a t ~ v e  plots of the experimeiatally obtained p res su re  
dlstributnons a r e  shown in  F igu re s  1 2  through 117. The exper imental  
polnts i n  these  f i gu re s  r ep re sen t  the p r e s s u r e  tap locat ions .  Since 
the model  was ex t remely  thin n e a r  i t s  leading edge i t  was  not f ea -  
sible to ins ta l l  a p r e s s u r e  tap a t  a position n e a r  the stagnation point; 
thus the f i r s t  p r e s s u r e  tap i s  a t  x/c = . 0 9 2 .  The stagnation point 
location was de te rmined  by t e s t s  with tufts a t  s e v e r a l  angles  of a t -  
tack and veloci t ies .  In a l l  c a s e s  i t  was sufficiently c lose  to  the 
l e a d ~ n g  edge s o  that  the determinat ion of the no rma l  fo rce  by numer -  
i c a l  in tegrat ion of the p r e s s u r e  distr ibution curve  was considered 
J, 
accura te  if the stagnation point was a s sumed  a t  x/c = 0."' The value 
used f o r  C p  a t  the  stagnation point i n  the data  reduction was C p  = 
1 , Q O .  This  was an e r r o r ,  s ince the p r e s s u r e  coefficient was based  
on the cavity p r e s s u r e  and not f r e e  s t r e a m  p r e s s u r e .  The value of 
the p r e s s u r e  coefficient  a t  the stagnation point should have been 
C~ = (1.. 00 + K) . Upon examination of the p r e s s u r e  distr ibution 
curves  i t  can be s een  that  this e r r o r  will be negligibly sma l l  even 
l o r  r a t h e r  l a r g e  values  of the cavitation number  i n  the determinat ion 
of the total  a r e a  under the cu rves .  F o r  th is  reason ,  none of the 
values of the fo rce  coefficients were  recalculated nor  the cu rves  r e -  
drawn.  
F lgu re  97b shows a comparison between one of the exper i -  
menially de terrnined p r e s s u r e  distr ibutions n e a r  the f r e e  sur face  and 
the planing theory of Cumberbatch fo r  s imi l a r  Froude  number .  The 
agreement  i s  good over  the range of exper imental  points except n e a r  
the i e d d ~ n g  edge.  Extrapolation of the theory indicates that  the lo -  
cation of the stagnation point might possibly be f a r t h e r  aft  on t h e  
fonl than was indicated by this exper iment  when the foil i s  n e a r  !he 
f ree  su r f ace .  The t e s t s  using tufts we re  not pe r fo rmed  n e a r  the 
sur face  s ince sp ray  and deformation of the sur face  made  i t  difficult 
ta s ee  the tuf ts .  F o r  this r ea son ,  the stagnation point location was 
----- -- 
.Ir 
'" F o r  s m a l l  a, the location of the stagnation point can  approximately 
1% be given by x/c = 7 a* f r o m  Wu, Ref. ( 3 )  
assurL9ed to r ema in  the s a m e  a s  $%,at determined a!: th.2 eeeper  sub- 
mergences .  
An exper iment  w a s  perdornzed to  de te rmine  the fo rce  and savi- 
tatlor, charac te r i . s t i cs  of a. ful1.y cavitating flat plate Irydrafoil in the 
presence  oi a f r e e  sxr face .  The submergence  of the hydrofoil was 
a.ra impor tan t  var iab le  in  the expes i rner~ t ,  
I. At " E k e  deeper  submergences  the no rma l  fo rce  coefficient 
ag reed  well with exper iments  per formed by Rrsarki~ and 
Sil.berman and with the infinite fluid, no-gravity theory of 
W u ,  
11. Upon approaching the f r e e  sur face ,  the no rma l  fo rce  in- 
c r e a s e d  in ~nagnitetde,  but not to the extent predicted by the 
planing theory of Green ,  Cumberbatch takes  into  account 
the effects of gravi ty ,  but xlae p r e sen t  exper iment  indicates 
that the theory underes t imates  this g r a i ~ i t y  effect. 
191, Cavity lengths ag reed  well. ,with Wu's  exact theory, and did 
not a g r e e  with Pa rk in  o r  *\iiPuzs l inear  t h e o ~ i e s ,  There  was 
no recognii.zabLe dependence of cavity length on the Froude 
number ,  but this could be due to the sma l l  range of Frswde 
n~.tmbe r s  chosen.  
1V, Z'cnnel b o ~ ~ n d c ?  r y  effects become important  a t  s n ~ ~ i l  cavita-  
tlon nunnbers,  More work needs to be clone LO xccierstand 
exactly wha t  ~ ~ ~ f l ~ a e n c e  thcy have on experirfiensta! r e .  (Its.  
D a w s o n E s  original  thes i s  contained a l inear ized  theory f o r  the 
l o w  pas t  a cavitating flat  plate i n  the p r e sence  of a f r e e  su r f ace  
ai.~d a compar i son  of th is  theory,  the exper imenta l  data ,  and G r e e n ' s  
nonl inear  theory .  P r i o r  to publishing the p r e s e n t  r epo r t ,  Schot in  
Refe rence  (18) solved the s a m e  l i nea r i zed  prob lem and con2psred. 
h i s  r e s u l t s  with G r e e n ' s  theory.  CaawsonG ana lys i s  i s  not included 
in the p r e s e n t  r epo r t ,  s ince  a s i m i l a r  t r e a tmen t  ha s  subsequently 
appeared. in published f o r m .  
A compar i son  between the r e s u l t s  of exper iments  and theor ies  
of cavitatlng bodies n e a r  a f r e e  su r f ace  in t roduces  the p rob lem of 
determining the submergence  of the body. F o r  a semi-infinite flow 
(no bst"imL), o r  when the bottom i s  ve ry  f a r  away f r o m  the hydro- 
foil ,  the only significant  physical  depth p a r a m e t e r  i s  the sp ray  
sheet  th ickness .  In the c a s e  of the  flow i n  which a bottom i s  p r e -  
sent  and the u p s t r e a m  depth can be  specified,  the submergence  of 
the hydrofoil i s  s t i l l  not e a sy  to define due to loca l  d e f o r r n a t i o ~  of 
the f r e e  su r f ace .  Again, the s p r a y  shee t  thickrress i s  probably the 
best m e a s u r e  of the submergence .  Due to the difficulty of m e a s u r -  
ing the s.pray shee t  th ickness ,  the submergenze  in  the p r e s e n t  ex-- 
per lment  was  defined with r e spec t  to the undisturbed f r e e  su r f ace ,  
and i t  was  not thought justified to p r e sen t  the compar i son  of the 
exper i r r~en ta l  r e s u l t s  and the theory  of G r e e n .  
A P P E N D I X  1 
----- 
A simple est imate of the tunnel bottom effect on a planing s u r -  
face at small angles of attack: 
In this scheme, the hydrofoil is  represented by a vortex of 
strength r. To calculate tile vortex strength,  the Weissinger two- 
point method w-ilk be used. The vortex i s  placed a t  the one-quarter 
chord point on the foil (the center of p res su re )  and the condition of 
flow tangency is satisfied a t  the three-quar te r  chord point. 
If v i s  the perturbation velocity perpendicular to the plate then 
at  the three-quar te r  chord point t h e  boundary condition i s  v/U = 
dy/dx = --a o r  v = -aU. The flow i s  sketched in  Fig.  1-1 .  
The velocity a t a  distance c/2 f rom a vortex s f  strength ff i s  
v = -I-/2ac/2 so that 1' = -varc = aUn-e, In an infinite fluid, with 
ve%oc&ey U, the l i f t  on a vortex of s t rength i s  k = p U F  where p i s  
the density of the fluid, PI.arsing theory for no gravity predicts a 
%if$, thzt is jus t  half of the value for the infinite fluid. F o r  ~ k l s  
- 
analysis,  the lift on &be planing hydrofoil will be: L = p U YZ. .L he 
l i f t  is thela: 
and the l if t  coefficient is 
A planing sur face  in  the p re sence  of a tunnel bottom i s  now 
considered,  F ig .  1-2 
bottom 
Fig .  1-2 
The f la t  plate can  be replaced by a vor tex  a t  the one-quar te r  
chord  point but in  o r d e r  t o  sa t isfy  the boundary conditions shown in 
Fig.  1-2, the infinite sequence of a l ternat ing vor t ices  of equal 
s t rength,  a s  shown in  F ig .  1-3, will be neces sa ry .  
0 P" sur face  
- - - - - - -  - ----- - x 
Fig .  1-3 
On the lines of syjyrrnerrgr z = 0 + nni there are no hoi-izoneal ve- 
- 
locities, u, duo to t h e  vortices, Similarly on the lines of sym- 
n- 
n r e t r y s  z --- - - + n ~ i  "L9ea.c are no vertical velocities, v, due to the 2 -- 
vortices, 
'9he poterrtial due tc a single vortex is 
and- f o r  the sequence in Fig, J -  3 the totad potential due to all v s r -  
tices is 
Tlais series has a SUI~?_* 
ih' z F ( z )  -- 7--.- lntanjn 
-TT T 
so that 
and  
-- - ---,--. ~ 
* Copson.. E, T ,  , Theory of Functions of a Complex Variable 
Finally the l if t  coefficient i s  obtained 
However, the dimension of in te res t  i s  the distance to the solid 
bourrdary, h .  EeVthe ratio of the chord to this distance, h, be 
CT = c / h  = c/m-/2 o r  c = 20/71. Therefore,  
- 4cu sinh TO CL - - CT -4- 
is  the lift coefficient of a planing flat plate hydrofoil with a solid 
lovser boundary and no gravity.  
The hyperbolic sine can be expanded 
si& x = x -I- x3  + . . . . . . . 
Therefore,  i t  can be seen  that the presence of a lower boundary 
always inc reases  the lift.  The effect i s  fa ir ly  smal l  e ~ e n  for  0 = 1 
i n  xvhicki case there  i s  2 ten percent increase  in lift.  In the case 
of this experiment nea r  the sur face ,  CT = 0, 2 so  that 
which i s  not significant, 
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the Wetted Surface,  Piezometer  Orifices,  
and Genera l  Gornstruction . . . . . . . . . . . . .  2 5  
3 A Side and Bottow~ View of the Wedge 
Hydrofoil Tested Showing Additional 
Details of the Construction and the 
Location of the l?iezomeker Or i f ices .  . . .  2 6 
4 A Schematic Diagram of the Setup of the 
Experimental Apparatus . . . . . . . . . . . . . .  2 7 
5 A Plot of the Velocity Profi le  Near the 
F r e e  Surface and on the Centerline of 
the Two-Dimensio~~al  Tes t  Section 
. . . . . . . . . . . . . .  (Skimmer Not Operating) 2 8  
6 A Plot of the Velocity Profi les  011 the 
Walls o-F the Two-Dimensional. Tes t  
Section a t  the Position of the Leading 
Edge of the Hydrofoil . . . . . . . . . . . . . . . . .  2 9  
continued 
P a g e  F i g u r e  
7-11 Photos  of Typical  Cavit ies Under Varying 
Conditions which Show the Bowing of the 
F r e e  Sur face  . . . . . . . . . . . . . . . . . . . . . . . .  30-  34 
P lo t s  of P r e s s u r e  Distr ibutions on a Fu l ly  
Cavitating F l a t  P l a t e  Hydrofoil a t  V a r i o l ~ s  
Submergences ,  Cavitat ion Number ,  and 
Angles of Attack . . . . . . . . . . . . . . . . . . . . .  3 5- 40 
Exper imenta l  Normal  F o r c e  Coefficients 
a s  a Function of Cavitat ion Number ,  
Angle of Attack and Submergence Rat io  41 -47 
Compar i son  of Normal  F o r c e  Coefficicgnt 
with S i lberman  and P a r k i n  fo r  a = 8 . . 48 
The Effect  of Submergence on the  Exper i -  
menta l  Normal  F o r c e  Coefficients a t  
K = 0 ,  Showing the Resu l t s  Obtained by 
Rayleigh a t  Deep Submergences ,  and the 
Valu3s a t  the Surface  f r o m  the Theory 
of Cumberbatch fo r  Th ree  Froude  
Number s .  (The  p r i m e d  points a r e  those  
obtained with the s k i m m e r  ope ra t ing) .  
The Effect  of Froude  Number  on the 
Normal  F o r c e  Coefficient a t  Six Angles 
of Attack and Two Submergence Rat ios  
The Effect  of Angle of Attack on the 
Normal  F o r c e  Coefficient a t  K = 0 and 
. . . . . . . . . . . .  Three  Submergence Rat ios  
The Effect  of Angle of Attack on the 
Moment  Coefficient a t  K = 0 and T h r e e  
Submergence Rat ios  . . . . . . . . . . . . . . . . . .  5 i 
Expe r imen ta l  Moment Coefficients a s  a 
Function of Cavitation Number ,  Angle 
of Attack and Submergence Rat io  . . . . . .  52-  58 
The Exper imenta l  Center  of P r e s s u r e  
Location v e r s u s  Angle of Attack a t  Six  
Submergence Rat ios  a s  Compared  to Wu's 
Exac t  Infinite Fluid  Theory  . . . . . . . . . . .  59 
Cente r  of P r e s s : ~ r s  Location v e r s u s  Sub- 
mergence  a t  Six  Angles of Attack . . . . .  60  
continued 
F i g u r e  P a g e  
38-41 Cavity Length as a Funct ion of Cavitat ion 
Number ,  Angle of At tack,  and Submergence  
Ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61-64 
42,43 A i r  Flow Rate  as a Funct ion of Cavitat ion 
Number ,  Angle of At tack,  and Submer -  
gence Ra t io  . . . . . . . . . . . . . . . . . . . . . a a - - 65 ,66  
Fig. ?a - The Genera l  Arrangement  of the Experimental  
Apparatus  Showing the Two-Dimensional T e s t  
Section Installed i n  the Working Section of the 
Free-Surface  Water Tunnel, The Hydrofoil 
a l so  Can be  Seen in  a Posi t ion Corresponding 
to  s /c  = - 0 , 0 4 ,  
F i g .  Ib - A View oS the Two-Dimensional Tes t  Section 
Showing the Leading Edges and Genera l  Corr- 
s t ruc t i sn ,  The Mounting P la te  and Hydrofoil 
Can also be Seen Installed.  
F i g .  2a - The Mounting P la t e  and the WydroIoiL Showing 
th% Cavity P r e s s u r e  Probe and the Opening fo r  
Forc ing  A i r  into the Cavity, The C i r cu la r  P la te  
and A r c  f o r  Varying the Angle of Attack a l s o  
Can be Seen. 
F i g .  Zb - A View of the Wedge Hydrofoil Showing the 
Wetted Surface,  Piezo-nietes Orif ices ,  and 
Genera l  Construction.  
N O T E :  P R E S S U R E  T A P  P O S i T l O N S  
N O T  TO S C A L E  
P R E S S U R E  V B P S  
Fig, 3 - A Side and Bottom. View of the Wedge Hydrofoil Tested 
Showing Additional Details of the @onsZ;ruction and the 
Location of th.e Pieaometer Orifices. 
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X P E R  C E N T  CHORD % *  
0 (a) s /c  = 2.  16, a = 8 , K = 0,115, C = 0.252 f 
X P E R  C E N T  C H O R D  X' 
F i g .  12 - Plo t s  sf  P r e s s u r e  Dis t r ibut ions  on a Fu l ly  Cavitating 
F l a t  P l a t e  Hydrofoil a t  Var ious  Submergences ,  Cavi- 
tat ion Numbers ,  and Angles 0% Attack.  
XN4, P E R  C E N T  C H O R D  
o (a) s /c  = 2.16,  a = 12 , K = 0.127, Cf = 0.343 
X P E R  C E N T  CHORD N/c ' 
o (b) s/c = 2.  16, a = 14 , K = 0.120, Cf = 0.391 
F ig .  13 - P l o t s  of P r e s s u r e  Dis t r ibut ions  on a Fu l ly  Cavitating 
F l a t  P l a t e  Hydrofoil at Var ious  Submergence  s ,  Cavi- 
ta t ion Number s ,  and Angles of Attack.  
PRESSURE C O E F F I C I E N T ,  Cp 
o N e m m 
- 
0 
P R E S S U R E  C O E F F I C I E N T ,  Cp 
- 
N e b m o 
X P E R  C E N T  C H O R D  N/t 
Fig. 15 - P l o t s  of P r a s s u r e  Dis t r ibut ions  on a Fully Cavitating 
Flat P l a t e  Hydrofoil  a t  Var ious  Submergences ,  Cavi-  
tat ion Number s ,  and Angles of Attack.  
X % ,  P E R  C E N T  C H O R D  
o ( a )  S/C = -0.06,  a = 8 , K = -0 ,018,  C = 0,217 f 
1 0  
8 
a 
0 
i 
2 
W 
- 
u 
- 
L L  
U. 
W 
0 
U 
W 4 
IT 
3 
m 
m 
W 
n 
a 
2 
0 
20 4 0 6 0  80 100 
X P E R C E N T C H O R D  % '  
Fig. 16  -- P l o t s  of P r e s s u r e  Dis t r ibut ions  ox a Fu l l y  Cavitating 
F l a t  P l a t e  Hydrofoil  a " ca r i ous  Submergences ,  Cavf- 
tat ion N u m b e r s ,  and  Angles of Attack.  
X P E R  C E N T  C H O R D  W' 
o (a) S / C  = - 0 . 0 6 ,  a = 14 , K = -0.024, Cf = 0 .377  
X P E R  C E N T  C H O R D  %, 
Fig .  17 - P l o t s  of P r e s s u r e  Dis t r ibut ions  on a F d l y  Cavitating 
F l a t  P l a t e  Hydrofoil a t  Var ious  Subrnergences ,  Cavi- 
ta t ion Numbers ,  and Angles of Attack.  
Fig .  18 - The Expe r imen ta l  Norma l  F o r c e  Coefficient v e r s u s  Cavita-  
tion Number ,  a t  Six Angles  of Attack and s /c  = 2.  16 a s  
Comp2red to W u l s  Exact Infinite F lu id  Theory .  
Fig. 19 - The Exp~,r imemtal  Normal F o r c e  Coefficient ve r sus  Cavitation 
Number, a t  Six Angles of Attack and s/c = 1 .  5 8 ,  a s  Compared 
to Wu% < ~ x a c t  Infinite Fluid Theory. 
F i g .  20 - The Experimental Normal. F o r c e  Coefficient versus Gavita- 
tion Number, at Six Angles of Attack and s/c = 0. 83, as 
Compared to W u ' s  Exact  Infinite Fluid  Theory. 
Fig ,  2 1  - The Experimental  Normal F o r c e  Coefficient ve r sus  Cavitation 
Number, a t  S ix  Angles of Attack and s /c  = 0 ,15 ,  a s  GOTTI- 
pa red  to W u i s  Exact  Infinite Fluid Theory. 
0 '  
- 0 . 0 4  8 0.0 4 0.08 0.8 2 0.8 6 
K ,  C A V I T A T I O N  N U M B E R  
F i g .  2 2  - The Exper imenta l  Normal  F o r c e  Coefficient v e r s u s  Cavitation 
Number ,  a t  S ix  Angles of Attaclc and s /c  = 0 . 0 5 ,  a s  Compared. 
to  W u 8 s  Exac t  Infinite Fluid  Theory.  
F i g .  23  - Tlie Experimental  Normal F o r c e  Coefficient ve r sus  Czditation 
Number, at Six Angles of Attack and s /c  = - 0 . 0 6 ,  as Corn- 
pared  to Wuss Exact Infinite Fluid Theory. 
Fig. 24 - The Experimental. Normal F o r c e  Coefficient versus 
Cavitation Number, a t  Three  Angles of Attack and 
s / c  = 0 , 8 9 ,  a s  Compared to W u f s  Exact Infinite 
Fluid Theory, Skimmer Unplugged. 
A S $ L B E R M A N  A I R - V E N T E D  C A V I T I E S  
D P A R K I N  
0.04 0.08 0- I 2  0, $ 6  8.2 0 
K ,  C A V I T A T I O N  N U M B E R  
Fig. 2 5  - Comparison of  Normal  F o r c e  Coefficient with Si lberman and 0 Pa rk in  for a = 8 . 
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A N G L E  OF A T T A G K , a  
F i g ,  28a - The Effect of Angle of Attack on the IVorrnal 
F o r c e  Coefficient a t  K = 0 and Three  Sub- 
8- mergence Ratios.  
Z 
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A N G L E  OF A T T A G  K , a 
F i g ,  Z 8 b  - The Effect of Angle of Attack oil the Moment 
Goefiicient at K = 0 and Three  Submergence 
Rat ios ,  
K ,  C A V B T A T I B N  N U M B E R  
Fig .  29 - The Exper imenta l  Moment Coefficient about the Leading Edge 
v e r s u s  Cavitation lYumber, at  Six Angles of Attack and s / c  = 
2 .  16, a s  Compared to  Wu% Exact  Infinite Fluid Theory.  
Fig .  38  - The Experimental  Moment Coefficient about the Leading 
Edge versus Cavitation Number,  a t  S ix  Angles of Attack 
and s/c = 1,  5 0 ,  a s  Compared to W u R  s Exact  Infinite 
Fluid  Theory.  
K ,  C A V P T A T I O M  N U M B E R  
Fig, 31 - The Experimental Moment Coefficient about the Leading Edge 
versus  Cavitation Number, a t  Six Angles of Attack and c / c  = 
0. 83, a s  Compared to W u ' s  Exact Infinite Fluid Theory. 
F i g .  32 - The ExpgrimentaP Moment Coefficient about the Leading Edge 
versus Cavitation Number,  a t  Six Angles of Attack and s/c = 
0, 16,  a s  Compared to  Wu's Exact  Infinite Fluid Theory. 
K ,  C A V O T A T B Q N  N U M B E R  
Fig, 31 - The Experimental Moment Coefficient about the Leading Edge 
versus  Cavitation Number, a t  Six Angles of Attack and s / c  = 
0.83, a s  Compared to W u h  Exact Infinite Fluid Theory. 
F i g .  32 - The Experimental Moment Coefficient about the Leadlag Edge 
versus  Cavitation Number, a t  Six Angles of Attack and s/c = 
0, I $ ,  as Compared to W u ' s  Exact Infinite Fluid Theory. 
0 
-0.64 0 0.04 0.08 0.1 2 0.16 
K ,  C A V I T A T I O N  N U M B E R  
S E E  L E G E N D  O F  F I G .  18 
-c- 
F i g .  3 3  - The Experimental Moment Coefficient about the Leading 
Edge v e ~ s u s  Cavitation Number at Six Angles of ~4-kta.ck 
and s/c = 0-05,  as  Compared to W u f s  Exact Infinite 
Fluid Theory. 
F i g .  34 -- The Exper imenta l  Moment  Coefficient about the Leading Edge 
v e r s u s  Cavitat ion Number ,  a t  Six Angles of Attack and s /c  = 
- 0 . 0 4 ,  a s  Compared  to Wu's Exac t  Infinite Fluid  Theory.  
S E E  L E G E N D  O F  F I G .  BE4 
8 7 a 8.s,. 35 - The Exper imenta l  Moment Coefficient about the Leading Edge 
a t  T h r e e  Angles of Attack and s/c = 0 . 0 9 ,  as Compared  to 
Wu% Exac t  Infinite Fluid  Theory,  Sk immer  Unplugged. 
Fig .  36 - The Experimental Center of P r e s s u r e  Location versus  
Angle of Attack a t  Six Submergence Ratios as Compared 
"c W u D s  Exact Infinite F lu id  Theory, 
S U B M E R G E N C E  S 
- -- 
C H O R D  * C  
F i g .  37 - Center of  Preasi l re  Location versus Submergence at Six 
Angles sf Attack. 
F i g .  38 - Cavity Length Ratios v e r s u s  Cavitation Number at Five Angles 
sf Attack and s / c  = 2 .  14 .  
F i g .  
8 0.0 4 0. 08 0.1 2 0. 1 6 0 . 2 0  
K ,  C A V I T A T I O N  N U M B E R  
39 - Cavity Length Ratios versus Cavitation Number at Five 
Angles of Attack and s / c  = 1. 50. 
F i g *  $9 - Cavity Length Ratios versus Cavitation Number a,t Five 
.Angles sf Attack and s/c = 0 , 8 3 ,  

F i g ,  42 - The Expe r imen ta l  A i r  Volume F low Ra t e  Coefficient versus  
Cavitat ion Number  a t  Five Angles of At tack and s / c  = 2 .  16 
as Compared  t o  the Expe r imen t s  of Swanson and 0 'Ne i l l  
and Cox a n 3  Clayden,  
Fig.  43 - The Experimental  Ai r  Volume Flow Rate  Coefficient v e r s u s  
Cavitation Number a t  Five Angles of Attack and s/c = 0. 83 
a s  Compared to the Experiments  of Swanson and O w e i l l  
and Cox and Clayden. 
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